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Effect of light emitted by diodes on growth 
and pigment content of black currant 
plantlets in vitro





The effects of cool white, natural white, and warm white lights, which have a continuous 
spectrum throughout the region of surfactant, and blue-red light spectrum on in vitro growth 
and development of black currant (Ribes nigrum L.) was studied. It was demonstrated that 
the spectral composition of light affected length and fresh mass of shoots and roots as well 
as concentrations of chlorophylls, carotenoids, and anthocyanins. The plants grown under 
warm white light had the longest shoots (2.5 ± 0.2 cm) and fresh mass of shoots (166 ± 12 mg) 
and roots (80 ± 16 mg) relatively to оne’s grown under other light types. Under blue-red and 
warm white lights black currant leaves possessed the highest concentrations of chlorophyll 
a (2.66 ± 0.31 and 2.17 ± 0.14 µmol·gwm-1, respectively), chlorophyll b (1.15 ± 0.15 and 0.87 
± 0.05 µmol·gwm-1), carotenoids (0.89 ± 0.09 and 0.78 ± 0.05 µmol·gwm-1, respectively) and 
anthocyanins (1.37 ± 0.20 and 1.09 ± 0.05 µmol·gwm-1, respectively). Thus, blue-red (B:R = 
1:4) and warm white lights may be used as an alternative light source for upland black currant 
culture systems.
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Introduction
Light in the form of solar energy is used by green plants to 
assimilate carbon from carbon dioxide. Green leaves use only 
photosynthetically active radiation (PAR) with wavelengths of 
380 - 710 nm for photosynthesis. Red (663 and 642 nm) and blue 
(430 nm and 453 nm) lights are the main ones affecting plant 
growth because they are predominantly absorbed by chlorophylls 
(Lefsrud et al., 2008).
Pigment composition of the photosynthetic apparatus 
depends on the genotype, environmental conditions and the 
stage of development of the plant. Plants perceive red light via 
phytochrome receptors (PhyA, PhyB, etc.), represented by the 
forms absorbing red (Pr) and far red light (Pfr). Both receptors form 
trigger plant responses associated with germination, elongation of 
the stem, leaf extension and induction of flowering (Pinho, 2008). 
Blue light is sensed by cryptochromes and phototropins and 
regulates de-etiolation, phototropism, movement of chloroplasts, 
endogenous rhythms, root growth, light induced stomatoplasty, 
redox equilibrium and levels of cyclic nucleotides (Kritsky, 1984; 
Macedo et al., 2011). Up to now, there are many studies on the 
dependence of plant growth on illumination conditions (Duong et 
al., 2003; Navvab, 2009; Li et al., 2010, 2013), but studies regarding 
the effects of different types of light on the concentrations of 
pigments are scarce.
Optimization of the light regime of cultured plants is 
progressed in parallel with the technical improvement of lighting 
systems. In the past, addressing the issue of artificial lighting 
radiation, scientists used to a great extent an empirical approach 
that was associated with relatively limited knowledge about the 
needs of plants in lighting type (Craford, 2002). Nowadays, using 
of light-emitting diodes (LEDs) is the most promising way to 
get a sample light spectrum. These diodes are сconsidered to be 
ideal light sources for in vitro plant cultures due to their benefits, 
including controlled wavelengths and intensity of lighting, spatial 
light energy distribution and polarization (Choi et al., 2002). 
These light sources are also valuable economically due to low 
power consumption, high efficiency of electric energy usage for 
light transformation, long operation life and ease of maintenance. 
LED-based lighting systems have successfully replaced traditional 
lighting providing better plant growth in several in vitro plant 
cultures, including cotton, bananas, grapes, strawberries, potatoes 
and corn (Nhut et al., 2003; Poudel et al., 2008; Li et al., 2010).
Black currant (Ribes nigrum L.) is propagated usually 
vegetatively by hardwood cuttings. This type of propagation of 
planting material is simple but not always optimal to get high 
quality planting material (Ružić and Lazić, 2006). At present, 
micropropagation is used to produce and multiply the planting 
material in vitro. It has a number of advantages over traditional 
methods of plant propagation. Micropropagation of black currant 
allows obtaining large quantities of healthy plants for relatively 
short time period. Application of in vitro tissue culture resulted in 
a generation of number black currant cultivars (Orlikowska, 1984; 
Wainwright and Flegmann, 1984; Vujović et al., 2012). However, 
there are no studies on the influence of light with different spectra 
on growth characteristics of black currant, pigment levels and 
chemical composition of in vitro grown plants. Therefore, present 
study aimed to investigate the effects of LED light on morphometric 
characteristics and concentrations of photosynthetic pigments in 
R. nigrum plantlets in vitro.
Material and methods
Plant material and growth conditions
Black currant plantlets (cultivar 'Raduzhna'), previously 
established in our laboratory, were transferred to glass jars with 
25 mL of Murashige and Skoog medium supplemented with 3% 
sucrose, 100 mg·L-1 myo-inositol, 6.0 g·L-1 agar and 0.1 mg·L-1 
indole-3-butyric acid (IBA) (Murashige and Skoog, 1962). The 
pH of the medium was adjusted to 5.8 prior to sterilization and 
cultures were maintained during 20 days in a growth room at 25 
± 2ºC, under photoperiod of 16 h of light and 8 h of darkness (50 
µmol·m-2·s-1) and one of the four lighting types described below. 
Each treatment was performed in two independent replications 
with six samples in each (n =12). 
Lighting types 
Ten-millimeter-long nodal shoots were excised from the 
proliferated shoots and cultured under different light treatments. 
The LED light system was obtained from Shenzhen Sanxin 
Lighting Co., Ltd. (Guangdong, China). Light-emitting diode 
(LED) array types were as follows (Figure 1):
(1) CW: cool white light (6000K) as control light (similar to 
fluorescent light);
(2) NW: natural white light (4000K);
(3) BR = 1:4: 20% blue light with a wavelength of 460 nm and 
80% red light with a wavelength of 660 nm;
(4) WW: warm white light (2700K).
Figure 1. Photographs of the plantlets illuminated by the LED bars: 
1 – cool white light (6000K); 2 – natural white light (4000K); 3 – 20% 
blue light with a wavelength of 460 nm and 80% red light at a wave-
length of 660 nm; 4 – warm white light (2700K)
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Figure 2. The effects of LED lighting on shoot length of black currant
Morphometric plant characteristics
Six plantlets of each treatment were randomly selected for the 
evaluation of growth characteristics after 20 days of cultivation. 
The fresh mass of shoots and roots was measured by a precision 
balance. The length of the aerial plant part was measured using a 
ruler from the base of stalk to the last expanded leaf.
Concentrations of chlorophyll and carotenoids
For pigment extraction, leaves were homogenized with ice-
cold 96% ethanol (1:10, w:v) in the presence of 10 mg mL-1 CaCO3 
to prevent pheophytinization. The homogenates were centrifuged 
at 8000×g for 10 min (4ºC). Supernatants were collected and the 
pigments were repeatedly extracted twice from pellets with 1 mL 
ice-cold 96% ethanol and extracts were pooled. Concentrations 
of pigments were measured spectrophotometrically. Specific 
absorption coefficients for chlorophyll a, chlorophyll b, and 
total carotenoids were used (Lichtenthaler, 1987). Carotenoid 
concentrations were calculated as described previously (Gitelson 
et al., 2001). For anthocyanin determination, the extract was 
acidified with concentrated HCl to its final concentration of 1%. 
The anthocyanin content was measured spectrophotometrically at 
wavelength 530 nm and an absorption coefficient of 30 mМ-1·сm-1 
was used for calculations (Gitelson et al., 2001; Semchuk et al., 
2009).
Statistical analysis
Data are presented as means ± S.E.M. Statistical analysis was 
performed using Mynova computer program (version 1.3) with 
ANOVA followed by a Student–Newman–Keuls (SNK test). The 
probability value of P < 0.05 was considered to be statistically 
significant.
Results and Discussion
Effects of LED lighting on plant growth parameters
Different LED lighting had diverse effects on the length and 
fresh mass of shoots (Fig. 2, 3a) and fresh mass of roots (Fig. 3b) 
in black currant plantlets. The longest stems were observed in the 
black currant plants kept under WW light (2.5 ± 0.2 cm), while CW 
and NW lights provided intermediate stem length (1.9 ± 0.2 cm 
and 2.0 ± 0.2 cm, respectively), and the shortest plants were found 
under BR light (1.2 ± 0.1 cm) (Fig. 2). An inhibitory effect of BR 
LEDs on stem elongation of cymbidium, banana and zantedeschia 
has been demonstrated previously (Tanaka et al., 1998; Nhut et 
al., 2003; Jao et al., 2005). Blue light inhibited stem elongation 
in chrysanthemum plants (Shimizu et al., 2006). The greatest 
stem length of chrysanthemum plants was observed under red 
LEDs and far-red LEDs among six different light qualities used: 
fluorescent, blue LEDs, red LEDs, red and blue LEDs, red and far-
red LEDs, and blue and far-red LEDs (Kim et al., 2004). Warm 
white light contains a wide range of red and far-red light that may 
contribute to the intense growth of plantlets. Among the mixed 
light treatments, biomass of black currant shoots was significantly 
higher when they were grown under warm white light than under 
other ones used here. Thus, the WW light produced a significant 
increase in fresh masses of shoots (Fig. 3a) and roots (Fig. 3b) of 
Note: CW – cool white light (6000K); NW – natural white light (4000K); BR 
– 20% blue light at a wavelength of 460 nm and 80% red light at a wavelength 
of 660 nm; WW – warm white light (2700K). Data are presented as means ± 
S.E.M, n = 9-12. 
*Significantly different from the cool white light treated group of plants (P < 
0.05) using ANOVA followed by a SNK test
black currant. In this study, the shoots had fresh masses of 75 ± 
11, 112 ± 9, 166 ± 12 and 64 ± 10 mg under CW, NW, WW and BR 
lights, respectively (Fig. 3a). Exposure of plants to CW, NW and 
BR lights led to 55%, 33%, and 62% lower fresh masses of shoots as 
compared to WW light group (Fig. 3a). Fresh masses of the shoots 
were also lower by 33 and 43% with CW and BR lights, respectively, 
as compared to NW light (Fig. 3a). The stimulating effect of WW 
light on the fresh mass of black currant platelets is likely due to its 
broad spectrum, which might penetrate better through the canopy 
than red-blue LED light and force photosynthesis. Similar results 
were reported by Lin et al. (2013) where biomass of lettuce was 
greater under red-blue-white light than under red-blue one. This 
indicated that red or blue light responses might also depend on 
the minor components of spectrum. By contrast, Silva et al. (2014) 
showed that the sugarcane plantlets showed better performance 
in fresh biomass of plants when they were cultivated under 
higher intensity blue light and equal proportion of blue and red 
LED light. Li et al. (2010) reported that fresh mass and dry mass 
of upland cotton plantlets in vitro had the greatest mass when 
cultured under blue-red (1:1) LED light, and the lowest one under 
fluorescent lamp. The best growth of the stem under blue-red light 
was obtained in other plant species such as lily (B:R = 1:1), banana 
(B:R = 4:1), strawberry (B:R = 3:7), and chrysanthemum (B:R = 
1:1) (Lian et al., 2002; Duong et al., 2003; Nhut et al., 2003; Kim 
et al., 2004). 
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Figure 3. The effects LED lighting on fresh masses of shoots (A) and 
roots (B) of black currant
Note: CW – cool white light (6000K); NW – natural white light (4000K); BR 
– 20% blue light at a wavelength of 460 nm and 80% red light at a wavelength 
of 660 nm; WW – warm white light (2700K). Data are presented as means ± 
S.E.M, n = 9-12.
*Significantly different from the cool white light treated group of plants (P < 
0.05) using ANOVA followed by a SNK test
Roots play an important role in the plant, providing other 
plant parts with water and minerals. Therefore, well-developed 
roots can enhance normal plant development. In our experiments, 
the roots had the highest fresh mass when plants were rown under 
WW light (80 ± 16 mg). Plants with intermediate root masses 
were grown under NW light (15 ± 6 mg). The lowest fresh mass 
of roots had the plantlets grown under CW and BR lights (4 ± 
1 and 2 ± 1 mg, respectively) (Fig. 3b). Li et al. (2010) showed 
that red LED seemed to be the most suitable for the root growth 
of upland cotton plantlets. Red light induced the root formation 
of in vitro cultured flamingo plantlets (Budiarto, 2010). However, 
root growth of in vitro cultured Doritaenopsis plants was optimal 
under blue LEDs in comparison with red light (Shin et al., 2008). 
Warm white light contains an extended range of red light that 
could positively affect growth and development of roots. Light 
may influence root mass through photomorphogenic action, i.e., 
root elongation can be phytochrome controlled (Vinterhalter et 
al., 1990).
Therefore, according to our data on the growth of shoots and 
roots, one can conclude that WW LED light is the most favorable 
for the development of black currant in comparison with lights 
with other spectra. This may be due to the fact that this light has 
an optimal ratio between blue and red spectra. However, this 
effect also might depend on the plant species or even cultivars (Li 
et al., 2010, 2013). 
Effects of LED lighting on chlorophyll content
The content of chlorophylls in plants depends on many factors, 
including light wavelength and intensity (Brant et al., 2011). In 
the current study, the plantlets illuminated with blue-red light 
(1:4) had higher content of chlorophylls as compared to ones 
under CW, NW or BR light illumination conditions (Fig. 4). Fig. 
4 shows influence of light type on concentrations of chlorophylls 
a and b. The concentration of chlorophyll a was the highest in 
the plants grown under BR (2.66 ± 0.31 µmol·gwm-1) and WW 
lights (2.17 ± 0.14 µmol·gwm-1) compared to the values under 
other light types (Fig. 4a). The concentration of chlorophyll a 
was lower by 30% and 35% in the black currant plantlets grown 
under CW and NW lights as compared to those kept under BR 
light (Fig. 4a). The plantlets cultivated under BR LED treatment 
showed the highest concentration of chlorophyll b (1.15 ± 0.15 
µmol·gwm-1) as compared to those cultivated under other LED 
light systems studied (Fig. 4b). It is known that red light can 
promote photosynthesis (Saebo et al., 1995; Moon et al., 2006; Lin 
et al., 2011). By contrast, Li et al. (2010) showed that upland cotton 
plantlets had the highest chlorophyll content under blue LED, and 
this light source might be beneficial to provide high chlorophyll 
level in upland cotton plantlets. Plantlets of Saccharum officinarum 
L. showed higher total chlorophyll content under white LED light 
than under blue-red LED light (Silva et al., 2014).
Effects of LED light on carotenoid and anthocyanin 
concentrations
Carotenoids are well-known as light-harvesting pigments, 
which absorb light in the blue-green region of the solar spectrum 
and transfer the absorbed energy to chlorophylls. They also play a 
vital role in protection of photosystem II (PSII) from deactivation 
by triplet chlorophyll and singlet oxygen (Kim et al., 2005). The 
highest concentrations of carotenoids were revealed in plantlets 
reared under BR and WW LEDs (0.89 ± 0.09 µmol·gwm-1 and 
0.78 ± 0.05 µmol·gwm-1, respectively), intermediate one – in 
plantlets under CW LED (0.66 ± 0.06 µmol·gwm-1) and the lowest 
one – under NW LED lights (0.59 ± 0.04 µmol·gwm-1) (Fig. 5a). 
Our findings are consistent with the data of Johkan et al. (2010) 
who found that carotenoid concentration in the leaves of lettuce 
seedlings treated with blue-red LED lights increased from 263 µg 
mg–1 under white fluorescent lamp to a greater than 304 µg mg–1 
dry mass during 17 days of growth (Johkan et al., 2010).
In our experiments, the concentration of anthocyanins reached 
the highest values in plantlets kept under WW and BR lights (1.09 
± 0.05 and 1.37 ± 0.20 µmol·gwm-1, respectively). Exposure to CW 
light resulted in 19% and 36% lower concentrations of anthocyanins 
as compared to WW and BR light systems, respectively (Fig. 
5b). We observed by 17% and 34% reduced concentrations of 
anthocyanins in plantlets cultivated under NW light as compared 
to WW and BR lights (Fig. 5b). Choi et al. (2015) also showed that 
BR light was effective in the enhancement of anthocyanin levels in 
the fruits of strawberry plants (Choi et al., 2015). Red LED light 
(660 nm) can stimulate accumulation of anthocyanins in red leaf 
cabbages in contrast to blue or green LED wavelengths (Mizuno et 
al., 2011). The content of anthocyanins was also increased in salad 
seedlings under BR light (Johkan et al., 2010). 
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Figure 4. Concentrations of chlorophyll a (A) and chlorophyll b (B) in 
black currant plantlets cultivated in MS medium supplemented with 
0.1 mg∙L-1 IBA during 20 days under different LED lights
Note: CW – cool white light (6000K); NW – natural white light (4000K); BR 
– 20% blue light at a wavelength of 460 nm and 80% red light at a wavelength 
of 660 nm; WW – warm white light (2700K). Data are presented as means ± 
S.E.M, n = 9-12
*Significantly different from the cool white light treated group of plants (P < 
0.05) using ANOVA followed by a SNK test
Potential mechanisms responsible for the effects of differ-
ent light treatments on plant growth and level of pigments
In the current study, WW light influenced the growth period, 
accelerating plant development. Morphological parameters 
indicate that plants subjected to WW light grew faster than those 
under CW, NW or BR light illumination conditions (Figures 2, 
3). Warm white light (WW) light had a positive effect on the stem 
length, masses of shoots and roots. These effects could be related 
to the stimulation of phytochrome signaling by WW. The latter 
light contains a large amount of red and far red components, 
which could activate phytochromes. The phytochromes are 
photoreceptors existing in two states, one sensitive to light with 
wavelength of 660 nm [red light absorbing (Pr) state] and another 
sensitive to 730 nm [far red light (Pfr) state]. Phytochrome in the 
Pfr state triggers the phosphorylation and subsequent proteolytic 
degradation of phytochrome interacting factors (PIFs) that 
controls directly or indirectly expression of genes responsible for 
light-dependent morphogenesis (Ni et al., 2014; Shin et al., 2016) 
(Fig. 6).
Phytochromes are inactivated by red light, which decreases 
PIF degradation and start of stem elongation (Leivar and Monte, 
2014). Low red : far red ratio activates PIF4, PIF, and PIF7 factors 
that promote shoot elongation (Li et al., 2012; de Wit et al., 2016b), 
Figure 5. Concentrations of carotenoids (A) and anthocyanins (B) in 
black currant plantlets cultivated in MS medium supplemented with 
0.1 mg∙L-1 IBA during 20 days under different LED lights
Note: CW – cool white light (6000K); NW – natural white light (4000K); BR 
– 20% blue light at a wavelength of 460 nm and 80% red light at a wavelength 
of 660 nm; WW – warm white light (2700K). Data are presented as means ± 
S.E.M, n = 9-12.
*Significantly different from the cool white light treated group of plants (P < 
0.05) using ANOVA followed by a SNK test
in particular through regulation of biosynthesis and transport of 
auxins (de Wit et al., 2016a). In turn, auxins play an important role 
in the elongation responses during shade avoidance (Kohnen et 
al., 2016; Müller-Moulé et al., 2016).
The induction of stem elongation by far red light is confirmed 
by data of Brown et al. (1995), which showed that this light 
conditions led to taller stems with a greater mass in sweet pepper 
(Capsicum annuum L.) in comparison with red light treatment. 
We also observed an increase in the length of the black currant 
under the WW light compared with BR light. The phenomenon 
could also be due to the presence of higher amount of yellow 
wavelengths in WW compared to the CW and NW. Pinho et al. 
(2007) also showed an increase of the leaves number of lettuce 
after the treatment with yellow light.
Our results indicate that the highest concentrations of 
chlorophylls, carotenoids and anthocyanins were provided in 
black currant leaves under WW and BR lights (Fig. 3 - 5).
This effect could be related to the spectral composition of light 
emitted by these LEDs. These results are consistent with previous 
studies that showed that leaves contain more chlorophyll and 
carotenoids under BR LEDs than under other treatments (Shin 
et al., 2008; Hogewoning et al., 2010; Wojciechowska et al., 2013). 
Agric. conspec. sci. Vol. 85 (2020) No. 4
322 | Viktor V. HUSAK, Dmytro V. VASYLIUK, Roksolana M. SHCHERBA, Volodymyr I. LUSHCHAK
aCS
Figure 6. Scheme of the phytochrome-mediated light signaling path-
ways
Note: CW – cool white light (6000K); NW – natural white light (4000K); BR 
– 20% blue light at a wavelength of 460 nm and 80% red light at a wavelength 
of 660 nm; WW – warm white light (2700K). Data are presented as means ± 
S.E.M, n = 9-12.
*Significantly different from the cool white light treated group of plants (P < 
0.05) using ANOVA followed by a SNK test
Warm white light (WW) LED emits higher percentage of red light 
with long wavelength and less of blue light with short wavelength 
and, hence, can stimulate the photosynthetic photoreceptors. The 
correct B:R ratio in the LED lighting can be used for obtaining the 
best response of photosynthetic and physiological plant systems 
(Hogewoning et al., 2010; Wojciechowska et al., 2015). It is also 
important to highlight that despite WW light stimulated growth 
of black currant plants, BR light promoted higher levels of the 
plant pigments that could be relevant to the production quality.
Conclusions
This study showed that warm white LED light is optimal for 
acceleration of growth of black currant plantlets in vitro. Warm 
white light is also effective for promoting root growth. Blue and 
red LED light is important for biosynthesis of chlorophylls and 
carotenoids. This is the first report on measurement of the effects 
of different LED lights on black currant in vitro to determine 
which types are important for black currant growth.
Acknowledgements 
We are grateful to students U. Kurman and I. Kashuba for 
technical assistance.
References
Brant R.S., Pinto J.E.B.P., Rosal L.F., Alves C., Oliveira C., Albuquerque 
C.J.B. (2011). Adaptações fisiológicas e anatômicas de Melissa 
officinalis L. (Lamiaceae) cultivadas sob malhas termorrefletoras em 
diferentes intensidades luminosas. Rev Bras Pl Med 13: 467–474. doi: 
10.1590/S1516-05722011000400012
Browm C., Shuerger A.C., Sager J.C. (1995). Growth and 
photomorphogenesis of pepper plants under re light-emitting diodes 
with supplemental blue or far-red lighting. J Am Soc Hortic Sci 120: 
808–813. doi: 10.21273/jashs.120.5.808
Budiarto K. (2010). Spectral quality affects morphogenesis on Anthurium 
plantlet during in vitro culture. Agrivita 32: 234–240. doi: 10.17503/
agrivita.v32i3.20
Choi H.G., Moon B.Y., Kang N.J. (2015). Effects of LED light on the 
production of strawberry during cultivation in a plastic greenhouse 
and in a growth chamber. Scientia Horticulturae 189: 22–31. doi: 
10.1016/j.scienta.2015.03.022
Craford M.G. (2002). Visible LEDs: the trend toward high-power emitters 
and remaining challenges for solid state lighting. Proc SPIE 4776: 1–8. 
doi: 10.1117/12.457111
de Wit M., Galvão V.C., Fankhauser C. (2016a). Light-mediated hormonal 
regulation of plant growth and development. Annu Rev Plant Biol 67: 
513–537. doi: 10.1146/annurev-arplant-043015-112252
de Wit M., Keuskamp D.H., Bongers F.J., Hornitschek P., Gommers 
C.M.M., Reinen E., Martínez-Cerón C., Fankhauser C., Pierik R. 
(2016b). Integration of phytochrome and cryptochrome signals 
determines plant growth during competition for light. Curr Biol 26: 
3320–3326. doi: 10.1016/j.cub.2016.10.031
Duong T.N., Hong L.T.A., Watanabe H., Goi M., Tanaka M. (2003). 
Efficiency of a novel culture system by using light-emitting diode 
(LED) on in vitro and subsequent growth of micropropagated 
banana plantlets. Acta Hort 616: 121–127. doi: 10.17660/
ActaHortic.2003.616.10
Gitelson A.A., Merzlyak M.N., Chivkunova O.B. (2001). Optical 
properties and nondestructive estimation of anthocyanin 
content in plant leaves. Photochem Photobiol 74: 38–45. doi: 
10.1562/0031-8655(2001)0740038OPANEO2.0.CO2
Hogewoning S.W., Trouwborst G., Maljaars H., Poorter H., van 
Leperen W., Harbinson J. (2010). Blue light dose-responses of leaf 
photosynthesis, morphology, and chemical composition of Cucumis 
sativus grown under different combinations of red and blue light. J 
Exp Botany 61: 3107–3117. doi: 10.1093/jxb/erq132
Jao R.C., Lai C.C., Fang W., Chang S.F. (2005). Effects of red light on 
the growth of Zantedeschia plantlets in vitro and tuber formation 
using light-emitting diodes. HortScience 40: 436–438. doi: 10.21273/
HORTSCI.40.2.436
Johkan M., Shoji K., Goto F., Hashida S., Yoshihara T. (2010). Blue Light-
emitting diode light irradiation of seedlings improves seedling quality 
and growth after transplanting in red leaf lettuce. Hortscience 45: 
1809–1814. doi: 10.21273/HORTSCI.45.12.1809
Kim J.H., Chung B.Y., Kim J.S., Wi S.G. (2005). Effects of in planta gamma-
irradiation on growth, photosynthesis and antioxidative capacity of 
red pepper (Capsicum annuum L.) plants. J Plant Biol 48: 47–56. doi: 
10.1007/BF03030564
Kim S.J., Hahn E.J., Heo J.W., Paek K.Y. (2004). Effects of LEDs on net 
photosynthetic rate, growth and leaf stomata of chrysanthemum 
plantlets in vitro. Scientia Horticulturae 101: 143–151. doi: 10.1016/j.
scienta.2003.10.003
Kohnen M.V., Schmid-Siegert E., Trevisan M., Petrolati L.A., Sénéchal 
F., Müller-Moulé P., Maloof J., Xenarios I., Fankhauser C. (2016). 
Agric. conspec. sci. Vol. 85 (2020) No. 4
 Effect of light emitted by diodes on growth and pigment content of black currant plantlets in vitro | 323
aCS
Neighbor detection induces organ-specific transcriptomes, revealing 
patterns underlying hypocotyl-specific growth. Plant Cell 28: 2889–
2904. doi: 10.1105/tpc.16.00463
Kritsky M.S. (1984). The blue light responses in evolutionary studies. In: 
Senger H (editor). Blue light effects in biological systems. Springer: 
Berlin/Heidelberg, Germany.
Lefsrud M.G., Kopsell D.A., Sams C.E. (2008). Irradiance from distinct 
wavelength light-emitting diodes affect secondary metabolites in kale. 
HortScience 43: 2243–2244.
Leivar P., Monte E. (2014). PIFs: systems integrators in plant development. 
Plant Cell 26: 56–78. doi: 10.1105/tpc.113
Li L., Ljung K., Breton G., Schmitz R.J., Pruneda-Paz J., Cowing-Zitron 
C., Cole B.J., Ivans L.J., Pedmale U.V., Jung H.S., Ecker J.R., Kay S.A., 
Chory J. (2012). Linking photoreceptor excitation to changes in plant 
architecture. Genes 26: 785–90. doi: 10.1101/gad.187849.112.
Li H.M., Xu Z., Tang C. (2010). Effect of light-emitting diodes on growth 
and morphogenesis of upland cotton (Gossypium hirsutum L.) plantlets 
in vitro. Plant Cell Tiss Organ Cult 103: 155–163. doi: 10.1007/s11240-
010-9763-z
Li H.M., Tang C., Xu Z. (2013). The effects of diferent light quantities on 
rapeseed (Brassica napus L.) plantlet growth and morphogenesis in 
vitro. Scient Horticult 150: 117–124. doi: 10.1016/j.scienta.2012.10.009
Lian M.L., Murthy H.N., Paek K.Y. (2002). Effect of light emitting diodes 
(LEDs) on the in vitro induction and growth of bulblets of Lilium 
oriental hybrid ’Pesaro’. Sci Hort 94: 365–370. doi: 10.1016/S0304-
4238(01)00385-5
Lichtenthaler H. (1987). Chlorophylls and carotenoids: pigments of 
photosynthetic biomembranes. Methods Enzymol 148: 350–382. doi: 
10.1016/0076-6879(87)48036-1
Lin K.H., Huang M.Y., Huang W.D., Hsu M.H., Yang Z.W., Yang C.M. 
(2013). The effects of red, blue, and white light-emitting diodes on 
the growth, development, and edible quality of hydroponically grown 
lettuce (Lactuca sativa L. var. capitata). Sci Hortic 150: 86–91. doi: 
10.1016/j.scienta.2012.10.002
Lin Y., Li J., Li B., He T., Chun Z. (2011). Effects of light quality on growth 
and development of protocorm-like bodies of Dendrobium officinale in 
vitro. Plant Cell Tiss Organ Cult 105: 329–335. doi: 10.1007/s11240-
010-9871-9
Macedo A.F., Leal-Costa M.V., Tavares E.S., Lage C.L.S., Esquibel M.A. 
(2011). The effect of light quality on leaf production and development 
of in vitro-cultured plants of Alternanthera brasiliana Kuntze. Environ 
Exp Bot 70: 43–50. doi: 10.1016/j.envexpbot.2010.05.012
Mizuno T., Amaki W., Watanabe H. (2011). Effects of monochromatic 
light irradiation by LED on the growth and anthocyanin contents in 
leaves of cabbage seedlings. Acta Horticulturae 907: 179–184. doi: 
10.17660/ActaHortic.2011.907.25
Moon H.K., Park S.K., Kim Y.W., Kim C.S. (2006). Growth of Tsuru-rindo 
(Tripterospermum japonicum) cultured in vitro under various sources 
of light-emitting diode (LED) irradiation. J Plant Biol 49: 174–179. 
doi: 10.1007/BF03031014
Müller-Moulé P., Nozue K., Pytlak M.L., Palmer C.M., Covington M.F., 
Wallace A.D., Harmer S.L., Maloof J.N. (2016). YUCCA auxin 
biosynthetic genes are required for Arabidopsis shade avoidance. PeerJ 
4: e2574. doi: 10.7717/peerj.2574
Murashige T., Skoog F. (1962). A revised medium for rapid growth and 
bioassays with tobacco tissue culture. Physiol Plant 15: 473–497. doi: 
10.1111/j.1399-3054.1962.tb08052.x
Navvab M. (2009). Daylighting aspects for plant growth in interior 
environments. Int J Light Engineering 16: 32–39.
Ni W., Xu S.-L., Tepperman J.M., Stanley D.J., Maltby D.A., Gross J.D., 
Burlingame A.L., Wang Z.-Y., Quail P.H. (2014). A mutually assured 
destruction mechanism attenuates light signaling in Arabidopsis. 
Science 344: 1160-1164. doi: 10.1126/science.1250778.
Nhut D.T., Hong L.T.A., Watanabe H., Goi M., Tanaka M. (2003). Growth 
of banana plantlets cultured in vitro under red and blue light-emitting 
diode (LED) irradiation source. Acta Hortic 575: 117-124. doi: 
10.17660/ActaHortic.2002.575.10
Nhut D.T., Takamura T., Watanabe H., Okamoto K., Tanaka M. (2003). 
Responses of strawberry plantlets culture in vitro under super bright 
red and blue light emitting diodes (LEDs). Plant Cell Tissue Organ 
Cult 73: 43–52. doi: 10.1023/A:1022638508007
Orlikowska T. (1984). Micropropagation of roodknop cv blackcurrant. 
Fruit Science Reports 11: 5–17. 
Pinho P. (2008). Usage and control of solid-state lighting for plant growth. 
Ph.D. Thesis, Helsinki University of Technology, Espoo, Finland.
Pinho P., Lukkala R., Särkkä L., Tetri E., Tahvonen R., Halonen L. (2007). 
Evaluation of the lettuce growth under multi-spectral-component 
supplemental solid State lighting in greenhouse environment. Int Rev 
Electr Eng 6: 854–860.
Poudel P.R., Kataoka I., Mochioka R. (2008). Effect of red- and blue-light-
emitting diodes on growth and morphogenesis of grapes. Plant Cell 
Tiss Organ Cult 92: 147–153. doi: 10.1007/s11240-007-9317-1
Ružić D., Lazić T. (2006). Micropropagation as means of rapid 
multiplication of newly developed blackberry and black currant 
cultivars. Agriculturae Conspectus Scientificus 71: 149–153.
Saebo A., Krekling T., Appelgren M. (1995). Light quality affects 
photosynthesis and leaf anatomy of birch plantlets in vitro. Plant Cell 
Tiss Organ Cult 41: 177–185. doi: 10.1007/BF00051588
Semchuk N.M., Lushchak O.V., Falk J., Krupinska K., Lushchak V.I. 
(2009). Inactivation of genes, encoding tocopherol biosynthetic 
pathway enzymes, results in oxidative stress in outdoor grown 
Arabidopsis thaliana. Plant Physiol Biochem 47: 384–390. doi: 
10.1016/j.plaphy.2009.01.009
Shimizu H., Ma Z., Tazawa S., Douzono M., Runkle E., Heins R. 
(2006). Blue light inhibits stem elongation of chrysanthemum. Acta 
Horticulturae 711: 363-368. doi: 10.17660/ActaHortic.2006.711.50
Shin A.-Y., Han Y.-J., Baek A., Ahn T., Kim S.Y., Nguyen T.S., Son M., Lee 
K.W., Shen Y., Song P.-S., Kim J.-I. (2016). Evidence that phytochrome 
functions as a protein kinase in plant light signalling. Nat Commun 7: 
11545. doi: 10.1038/ncomms11545
Shin S.K., Murthy N.H., Heo W.J., Hahn J.E., Paek Y.K. (2008). The effect 
of light quality on the growth and development of in vitro cultured 
Doritaenopsis plants. Acta Physiol Plantae 30: 339–343. doi: 10.1007/
s11738-007-0128-0
Silva M.M.A., de Oliveira A.L.B., Oliveira-Filho R.A., Gouveia-Neto 
A.S., Camara T.J.R., Willadino L.G. (2014). Effect of blue/red LED 
light combination on growth and morphogenesis of Saccharum 
officinarum plantlets in vitro. Proc SPIE 8947 Imaging Manipulation 
and Analysis of Biomolecules Cells and Tissues XII 89471X. doi: 
10.1117/12.2036200
Tanaka M., Takamura T., Watanabe H., Endo M., Yanagi T., Okamoto 
K. (1998). In vitro growth of Cymbidium plantlets culture under 
superbright red and blue light-emitting diodes (LEDs). J Hortic Sci 
Biotechnol 73: 39–44. doi: 44. 10.1080/14620316.1998.11510941
Vinterhalter D., Grubišić D., Vinterhalter B., Konjević R. (1990). Light 
controlled root elongation in in vitro cultures of Dracaena fragrans 
Ker-Gawl. Plant Cell Tiss Org Cult 22: 1–6. doi: 10.1007/BF00043691
Vujović T., Ružić D., Cerović R. (2012). Improvement of in vitro 
micropropagation of black currant 'Čačanska Crna'. Acta Hortic 946: 
123–128. doi: 10.17660/ActaHortic.2012.946.17
Wainwright H., Flegmann A.W. (1984). The influence of light on the 
micropropagation of blackcurrant. J Hortic Sci 59: 387–393. doi: 
10.1080/00221589.1984.11515210
Wojciechowska R., Dlugosz-Grochowska O., Kolton A., Zupnik M. 
(2015). Effects of LED supplemental lighting on yield and some 
quality parameters of lamb’s lettuce grown in two winter cycles. Sci 
Hortic 187: 80–86. doi: 10.1016/j.scienta.2015.03.006
Wojciechowska R., Kołton A., Długosz-Grochowska1 O., Żupnik M., 
Grzesiak W. (2013). The effect of LED lighting on photosynthetic 
parameters and mass of lamb’s lettuce (Valerianella locusta). Folia 
Hort 25: 41–47. doi: 10.2478/fhort-2013-0005
aCS85_34
